Phase diagram of Bi 0.5 Na 0.5 TiO 3 -BaTiO 3 -K 0.5 Na 0.5 NbO 3 ternary system has been analyzed and ͑0.94− x͒BNT-0.06BT-xKNN ͑0.15Յ x Յ 0.30͒ ceramics have been prepared and investigated. Pseudocubic structures were confirmed by x-ray diffractions and its preliminary Rietveld refinements. P-E, S-E, and S-P 2 profiles ͑where P, E, and S denote polarization, electric field, and strain, respectively͒ indicate electrostrictive behavior of all ceramics. The compositions with x = 0.20 and 0.25 show pure electrostrictive characteristics. The dissipation energy, electrostrictive strain, and electrostrictive coefficient have been determined and compared with other lead-free and lead-containing electrostrictors. The electrostrictive coefficient can reach as high as 0.026 m 4 / C 2 , about 1.5 times of the value of traditional Pb-based electrostrictors. © 2010 American Institute of Physics. ͓doi:10.1063/1.3491839͔
Both electrostrictive and piezoelectric ceramics are commercially used in electromechanical devices, such as actuators, space mirrors, etc. Electrostrictors have special advantages over piezoelectrics, because they do not require poling process and there is negligible hysteresis in strain-electric field ͑S-E͒ cycle, which is important for precision position control. [1] [2] [3] In electrostriction, the sign of the field-induced deformation is independent of the polarity of the field and is proportional to the square of the applied electric field S = QP 2 , ͑1͒
where Q is the electrostrictive coefficient and P is polarization.
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In recent years, a lot of attention has been paid to leadfree piezoelectric materials 4, 5 but much less effort was devoted to high-performance lead-free electrostrictors. [6] [7] [8] [9] One of the reasons might be due to the much smaller commercial market for high performance electrostrictors than for piezoelectric devices. Another reason might be due to the lack of public awareness on the fact that most of currently used electrostrictors are also lead based materials. With increasing pressure from environmental legislations, lead-free piezoelectric and electrostrictive materials are urgently in demand. Therefore, it is just as important to study lead-free electrostrictive materials as lead-free piezoelectric materials.
Electrostriction is a general property of all dielectric materials but it is significantly large in ferroelectrics just above the Curie temperature ͑T c ͒, where an electric field can induce energetically unstable ferroelectric phase. In relaxor ferroelectrics, the electrostrictive strain can be kept at a relatively high level in a wide temperature range, because of the diffused phase transition.
2 If the phase transition temperature of a relaxor ferroelectrics is close to room temperature ͑RT͒, the electrostrictive effect can be very large at RT. Therefore, one may adjust the composition or dopants in lead-free relaxor ferroelectrics to produce pseudocubic/cubic crystal structure at RT, which might produce good lead-free electrostrictors. Recently reported electrostrictors, ͑Sr 1−y−x Na y Bi x ͒TiO 3 and Bi 0.5 Na 0.5 TiO 3 -BaTiO 3 -K 0.5 Na 0.5 NbO 3 ͑BNT-BT-KNN͒, have the above mentioned features of relaxor characteristics, such as paraelectric state and pseudocubic structure at RT, 7, 8 as evidenced by frequency dependent relative dielectric constant ͑ r ͒ and dielectric loss ͑tan ␦͒, x-ray diffraction ͑XRD͒ patterns, and almost linear polarization-electric field ͑P-E͒ profiles.
There is a ferroelectric-antiferroelectric phase transition in lead-free BNT-based ferroelectrics. Proper substitutions can help decrease the phase transition temperature to near RT, and enhance the relaxor behavior at RT. [7] [8] [9] [10] [11] [12] In addition, BNT, BT, and KNN are typical end members for developing lead-free piezoelectric materials. 4 Structure and piezoelectric property of their binary and ternary solid solutions have been widely studied. 10, [13] [14] [15] [16] [17] [18] According to related reports, there are seven binary morphotropic phase boundaries ͑MPBs͒ constructed by BNT, BT, and KNN, [13] [14] [15] [16] [17] [18] as shown in Fig. 1 . According to those reports, the compositions between MPB-3 and MPB-4, as well as between MPB-6 and MPB-7 have pseudocubic/cubic structure. In addition, MPB-1 composition without poling has pseudocubic/cubic structure. 10, 19 Accordingly, the compositions located in the center area of the phase diagram enclosed by the red lines might have pseudocubic/cubic structure near RT. It must be noted that Fig. 1 is only a schematic phase diagram of BNT-BT-KNN.
From structural consideration, the reported BNT-and BT-based electrostrictive materials, e.g., BNT-͑Bi, Sr͒TiO 3 and BaTiO 3 -CaTiO 3 , have pseudocubic structure at RT. 6, 7 Although no electrostrictive effect has been reported in KNN 20, 21 Counterparts of the above mentioned BNT-, BT-, and KNN-based electrostrictors with pseudocubic/cubic structure can be designed in the center pseudocubic/cubic area of the phase diagram shown in Fig. 1 . In fact, a BNT-BT-KNN ternary compositions very close to the line connecting MPB-1 and MPB-3, have been confirmed experimentally to be pure electrostrictive. 8 By further comparison, it is noticed that BT-rich electrostrictors generally show lower strain ͑ϳ0.03%͒ than BNTrich electrostrictors ͑ϳ0.1͒. 7, 8 This suggests that BNT-rich BNT-BT-KNN ternary compounds with compositions located in the pseudocubic/cubic area may be good electrostrictors.
According to previous reports,
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͑0.94− x͒BNT-0.06BT-xKNN with x = 0.12, has slim P-E and S-E profiles, which indicated the possibility of developing BNT-BT-KNN based lead-free electrostrictor by further increasing the KNN content. In this paper, ͑0.94− x͒BNT-0.06BT-xKNN ceramics with 0.15Յ x Յ 0.30, located in the pseudocubic/ cubic area, as indicated by the green dots in Fig. 1 , were prepared and investigated. We found that these compounds are electrostrictive material with large electrostrictive coefficients.
The ceramics were prepared by solid state reaction method. Dried raw materials of Bi 2 O 3 ͑99.8%͒, Na 2 CO 3 ͑99.8%͒, TiO 2 ͑99.0%͒, BaCO 3 ͑99.0%͒, K 2 CO 3 ͑99.0%͒, and Nb 2 O 5 ͑99.6%͒ were mixed according to the stoichiometric formula and ball milled for 24 h in ethanol. The dried slurries were calcined at 900°C for 3 h and then ball milled again for 24 h. The powders were subsequently pressed into green disks with a diameter of 10 mm under 60 MPa pressure. Sintering was carried out in covered alumina crucibles at 1100°C. To reduce the volatility of Bi, Na, and K during firing, the disks were embedded in the powder. The crystal structure of the ceramics was characterized by powder XRD ͑Rigaku Ultima III͒. The circular surfaces of the disks were covered with a thin layer of silver paste and fired at 550°C for 30 min for electrical measurements. Relative dielectric constant ͑ r ͒ and loss tangent ͑tan ␦͒ of unpoled ceramics were measured using an impedance analyzer ͑HP4294A͒ at frequencies from 100 Hz to 1 MHz in the temperature range from 50 to 400°C. Both polarization-electric field ͑P-E͒ and strain-electric field ͑S-E͒ curves were measured at 1 Hz by precision premier II ͑Radiant Tech. USA͒ at RT in silicone oil.
Figure 2 plots typical XRD patterns of the ceramics. All peaks can be indexed by perovskite structure, indicating the formation of single phase ceramics and the sharp peaks indicate that the ceramics are well crystallized. No peak splitting was detected in all patterns and our preliminary Rietveld simulation on the composition with x = 0.30 revealed that the ceramics have a pseudocubic structure. This is consistent with previous Rietveld simulations based on high resolution XRD for ͑0.94− x͒BNT-0.06BT-xKNN with 0 Յ x Յ 0.11.
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The measured P-E and S-E profiles are shown in Fig. 3 . The slightly nonlinear P-E profiles at the fields of 8 kV/mm are slimmer than that of other lead-free or lead-containing electrostrictors. 7, 8 In addition, the dissipated energy, i.e., the area of the P-E curves, are determined to be 8 On the other hand, the S-E curves show very little hysteresis with strain value in the range of 0.09%-0.11%. This strain level is comparable with other lead-containing electrostrictors. 7, 8, 22 Shown in Fig. 4 are the plots of S versus P 2 . Clearly, the S-P That means the Q values of our materials are notably larger than that of lead-based electrostrictors. 7, 8 The dielectric constant r and loss tan ␦ of the composition x = 0.30 were measured at different frequencies as a function of temperature as shown in Fig. 5 . The frequency dependent r and tan ␦ near RT show typical relaxor characteristics. In addition, the dielectric constant r versus temperature curve is rather flat, with variation less than Ϯ10% in the temperature range between 40 and 250°C at low frequencies. Other compositions show very similar temperature dependent dielectric properties.
In conclusion, phase diagram of BNT-BT-KNN ternary system has been analyzed. Regions with pseudocubic/cubic crystal structure in the ternary phase diagram were predicated to be electrostrictors, which was experimentally confirmed. Pseudocubic ͑0.94− x͒BNT-0.06BT-xKNN with 0.15Յ x Յ 0.30 ceramic samples have been prepared and characterized. Electrostrictive effects have been observed in all samples and the x = 0.20 and 0.25 compositions show pure electrostrictive behavior with low dissipated energy, high electrostrictive strain, and high electrostrictive coefficient. Our results are helpful for further investigation on high performance lead-free electrostrictors. 
